A method of nonaqueous capillary electrophoresis based on ionic liquids was developed with a high electric field (800 V/cm). The ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate was used as modifier to improve the separation efficiency; trishydroxymethylaminomethane and sodium cholate were used as background electrolytes in methanol and acetonitrile. The ionic liquids used in this paper have the ability to assist in the separation of hydrophobic mixtures while maintaining adequate background current. They can also improve the efficiency of heat diffusion in the capillary because they demonstrate high thermal conductivity. The developed method was used to analyze kaempferol-3-O-glucoside, 7-hydroxy-8-methoxycoumarin and 8-hydroxycoumarin-7-O-glucoside in samples of Sinacalia tangutica. The obtained quantities of the three analytes in the flower of Sinacalia tangutica were 0.27, 0.18 and 0.57%, respectively. The recovery was determined with standard addition and the results were 85.1-100.4%.
Introduction
The strength of the applied electric field affects the migration velocity of the analytes in capillary electrophoresis (CE), and faster separations should be available with increasing field strength. The use of high electric fields is desirable in CE because separation efficiency is predicted to increase linearly with the applied potential:
where N is the number of theoretical plates attained, m is the electrophoretic mobility of the analyte, m eo is the electroosmotic mobility due to electroosmotic flow, l is the length of the capillary to the detection window, L is the total length of the capillary, V is the applied potential difference, D is the diffusion coefficient of the analyte and E ¼ V/L. If this equation were strictly applicable to CE, it would imply that higher electric fields yield better resolution of sample constituents. Increasing the strength of the electric field can enhance efficiency. Normally in CE, the electric field strength is approximately 50 -600 V/cm (1) . Eq. 1 shows that high strengths of electric fields can improve the separation efficiency. Hutterer and Jorgenson introduced a unique oil-insulated CE system, which permitted operation with potentials as high as 120 kV (2) . However, the capillary they used was almost 4 m long, resulting in very long analysis times and a low electric field strength of approximately 300 V/cm. The use of high electric field strengths has caused many problems, which must be overcome. First, safe and reliable operation with the instrument must be satisfied. Another problem that must be conquered is the Joule heating generated at the high electric field strengths, which reduces the separation efficiency. Joule heating and electrophoretic dispersion can be controlled by optimizing the conductivity difference between the sample and the separation background electrolyte (BGE) and by operating at a voltage at which the heat can be effectively dispersed (3) . Reducing the inner diameter of the capillary is also a solution. Thin capillaries (typically 50 mm i.d.) have been known for many years to be extremely efficient at dissipating Joule heating in CE (4, 5) . The high surface-to-volume ratio of the capillaries facilitates heat transfer, which permits much larger electric fields to be employed in separations.
Nonaqueous capillary electrophoresis (NACE) (6) is a good choice for the use of high voltage or high electric field strength under suitable separation conditions. The generated currents, which are lower than with aqueous BGE, allow the use of high field strengths and wider bore capillaries. Palonen et al. (1, 7 -9) studied the effects of high electric field strengths in different nonaqueous media. It was found that the use of a high strength of electric field is advantageous, because separations can be performed faster with little or no loss of efficiency. With the right choice of solvent for the BGE, the heat generation in the capillary can be reduced. However, although the potential of nonaqueous solvents in CE has been largely accepted, most NACE applications have been reported in acetonitrile, lower alcohols or a mixture of these. The NACE systems were not stable, the polar compounds were difficult to dissolve with only organic solvents, the peak efficiency was not satisfactory and the field strengths were not high enough for the real sample separation.
Ionic liquid (ILs) is a new kind of running electrolyte or modifier in aqueous and nonaqueous CE, and its advantages in CE separation have been described many times . ILs used as modifier in NACE have been investigated (12, 13, (24) (25) (26) (27) . Vaher et al. (12) used dialkylimidazolium-based ILs as electrolytes for to adjust the mobility and separation of analytes. They also used 1-alkyl-3-methylimidasolium-based ILs as additives in separation media to assess the interactions between the analytes and the ionic additive present (13). Borissova et al. used N, N'-dialkylimidazolium ILs as electrolyte additives to the organic solvent separation medium for the analysis of organic dyes (24) . Mwongela et al. investigated the interactions of the IL 1-allql-3-methylimidazolium tetrafluoroborate with chiral analytes in micellar electrokinetic chromatography (25) . Ma et al. used ephedrine-based chiral IL as both chiral selector and BGE in NACE (26) . Rousseau et al. found chiral ILs to be essential to the BGE (27) . The important properties of ILs include high heat capacity, high density, high thermal conductivity, extremely low volatility, non-flammability, high thermal stability, wide temperature range for liquids, many variations in composition and a large number of possible variations in cation and anion conformation, allowing fine-tuning of the properties of ILs for specific applications. Low viscosity and high thermal conductivity make ILs excellent candidates as heat transfer fluids (31) . The application of ILs used in NACE with high electric field strengths has not been reported. On the other hand, ILs have been used to obtain very stable electrophoretic currents in NACE.
In this study, the ILs 1-ethyl-3-methylimidazolium tetrafluoroborate and 1-butyl-3-methylimidazolium tetrafluoroborate, used in NACE under high electric field strengths, were investigated. The high electric field method using ILs was developed to enhance separation efficiency in NACE, which minimizes the band broadening effects associated with Joule heating. The results showed that Joule heating was not remarkable in the experiments with ILs added to BGE. The method was used to analysis model analytes in a sample of the Chinese plant Sinacalia tangutica.
Experimental
Instrumentation and reagents A Waters Quanta 4000 Capillary system (Millipore, Waters Chromatography Division, Milford, MASA) was used. The ultraviolet (UV) based CE instrument used in this study has been described in detail elsewhere (15, 16, 32) . A straight length of fused silica capillary (Yongnian Photoconductive Fibre Factory, Hebei Province, China), 30 cm long (22.4 cm to the detector) with 50 mm internal diameter connected the anodic and cathodic reservoir. Samples were introduced from the anodic end of the capillary by hydrodynamic injection, in which the sample vial was raised by 10.0 cm for 5 s. Direct UV detection was employed at a wavelength of 214 nm. All operations were controlled at 20.0 + 0.58C.
The ionic liquids 1-ethyl-3-methylimidazolium tetrafluoroborate (1E-3MI-TFB) and 1-butyl-3-methylimidazolium tetrafluoroborate (1B-3MI-TFB) were prepared by a literature procedure (10) with a slight modification. All chemicals were analytical reagents. All solutions were prepared with deionized water, which was used throughout. Three model analytes [kaempferol-3-O-glucoside (F), 7-hydroxy-8-methoxycoumarin (C1), 8-hydroxycoumarin-7-O-glucoside (C2)], which were used as standards, were gifts to the authors. They were characterized by nuclear magnetic resonance (NMR), infrared (IR) and mass spectrometry (MS) at State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical and Physics, Chinese Academy of Sciences (Lanzhou, China). Sinacalia tangutica was collected from Qinghai Province, China, and identified by Dr. Y. R. Suo (Northwest Plateau Institute of Biology Site, Chinese Academy of Sciences, Xi'ning, China); voucher specimens were deposited in the same place. Trishydroxymethylaminomethane (Tris) was purchased from Shanghai Shanpu Chemical Corporation (Shanghai, China). Sodium cholate (SC) was purchased from Serva Feinbiochemica (Heidelberg, Germany). Methanol and acetonitrile were purchased from Tianjin Secondary Chemical Factory (Tianjin, China).
Sample preparation of Sinacalia tangutica
A portion (1.0000 g) of the powdered flower, leaf or root of Sinacalia tangutica was weighed into a 25 mL sample vial.
Ethanol (20 mL) was added and the sample vial was placed in an ultrasonic bath and extracted for 1 h. Extraction was repeated three times and the ethanol was evaporated. The residue was dissolved with methanol and diluted to 10 mL. All the solutions were passed through a 0.45 mm filter (Shanghai Xinya Purification Apparatus Factory, Shanghai, China) before injection into the CE system.
Preparation of electrolytes and electrophoretic procedure
The BGEs were prepared from Tris and SC. Tris was dissolved in methanol to prepare stock solutions of 0.2 M. SC was also directly dissolved in methanol to prepare stock solutions of 0.1 M. Working solutions were obtained by diluting the stock solutions with methanol just before use. New capillaries were conditioned by rinsing with 0.5 M sodium hydroxide for 10 min, deionized water for 10 min and the BGE for 10 min, in order. Between electrophoretic runs, the capillary was rinsed with deionized water for 2 min, 0.5 M sodium hydroxide for 2 min, deionized water for 2 min and the BGE for 2 min, successively.
Methods
The resolution of the analytes was calculated by using Eq. 2:
where t r1 and t r2 are the respective migration times of each analyte, and w 1 and w 2 are the peak widths at the baseline of each analyte. Separation efficiency is expressed in terms of the number of theoretical plates N:
where t r is the migration time and w is the baseline width of the peak.
Results
A NACE method with a high electric field was developed, which used the IL 1B-3MI-TFB as a modifier to improve the separation efficiency, and Tris and SC as the BGEs in methanol and acetonitrile. The IL used in this paper has the ability to assist in the separation of hydrophobic mixtures while maintaining adequate background current. It can also improve the efficiency of heat diffusion in the capillary because of its high thermal conductivity. The established method was successfully applied to analyze the flavonol glucoside and the two coumarins in a real sample of Sinacalia tangutica.
Discussion
The goal of this study was to investigate the influence of high electric field strengths and ILs in NACE on the CE separation efficiency of basic analytes. The electric field strengths were arranged from 500 to 1,000 V/cm. It is well known that high strength electric fields will lead to an increasing of Joule heating in the capillary, especially for a capillary with a large inner diameter. Ohm's law plots were performed on the BGE by measuring current as a function of voltage to determine whether Joule heating has occurred. Joule heating happens when the heat generated within the capillary can no longer be effectively dissipated. Heat is dissipated through the capillary walls by conduction and transferred to the surrounding air by convection and radiation. Using thin inner diameter capillary at these high fields, it was observed that the ILs can dissipate the additional generated Joule heating because of their high thermal conductivity (31) . Joule heating is negligible in the current system, as evidenced by the fact that no nonlinear current-voltage effects were observed in this system. Current through the capillary, as a function of applied voltage, was found to be linear. The plots were linear for applied voltage up to 30 kV (electric field strength of 1,000 V/m) with correlation coefficient greater than 0.999, indicating that the temperature in the capillary was constant in the range of applied voltage (Supplementary Figure 1) . The satisfactory linearity in the NACE system without significant Joule heating effects is attributable to the overall lower electric currents under higher electric field strengths and/or BGE concentrations. When 5 mM of 1B-3MI-TFB was added to the BGE, the current increased by approximately 50% at the voltage of 24 kV. The current cannot always be retained under the nonaqueous BGE without an IL present when the voltage exceeds 24 kV, which cannot support the dependence between applied voltage and current. A simple theoretical analysis shows that Joule heating is transferred out the capillary primarily through the radial conduction. The heat generated at the local position within the capillary is primarily removed by the surrounding convection. When the product of the electric conductivity, square of the electric field and square of the capillary radius is smaller than the thermal conductivity of the running BGE, the temperature inside the capillary can be regarded as nearly uniform in the radial direction (33) . In this system, the BGE showed high thermal conductivity when the ILs were added, so the temperature inside the capillary was uniform.
Method development
To study the effect of high electric field strengths on NACE separation, three model analytes were determined. Tris and SC were used as the primary BGE, and the ILs 1E-3MI-TFB and 1B-3MI-TFB were used as modifiers. In this study, one flavonol glucoside (F) and two coumarins (C1 and C2) were used as the model analytes to illustrate the traits of NACE under high electric field strengths. Their structures are shown in Figure 1 .
In NACE, the compounds are likely to have similar electrophoretic mobility values as a result of only minor differences in their structures. The interactions of the sample compounds with some additives present in the organic BGE may introduce the required selectivity to the separation system. In this system, these interactions may take place among the ILs, SC and the analytes. Their effects are detailed in the following sections.
Alkylimidazolium ILs have some advantages in use because they show good solubility in many of the organic solvents used in NACE. These allow the separation of analytes by using a relatively simple electrolyte system by just adding proper salt to pure solvent. As expected, the three model analytes could be separated in NACE. However, the peak shapes were not sharp and symmetrical, especially for F and C2 when the BGE was used without adding ILs. Although the three analytes were completely separated, the resolution of C1 and F was not large and the peaks were tailed, especially for C1 and F. The concentrations of ILs were investigated from 2.5 to 12.5 mM. It was found that the resolution of the three analytes was improved when the concentration of ILs was increased and the analysis time and peak width were additionally increased.
In experiments, the concentration of 5 mM of 1B-3MI-TFB was optimum. The IL 1E-3MI-TFB was also investigated; its effect was the same as 1B-3MI-TFB and it was not studied further. This result is consistent with the separation mechanism of heteroconjugation properties of ILs and analytes reported by Vaher et al. (13) . In that case, the analytes interacted with the anions of ILs.
The composition of solvent is an important factor in NACE. In this study, the most common solvents were chosen: methanol and acetonitrile. Their effect on the separation was investigated by using SC as BGE. SC is insoluble in pure acetonitrile, but it was dissolved in the mixture of methanol and acetonitrile, so it could be simultaneously considered with methanol and acetonitrile. It was found that the analysis times decreased with the addition of more acetonitrile into methanol due to the lowered viscosity. Because SC is a surfactant, it may interact with the carbohydrate glucoside group of the analytes and affect their migration in CE. The addition of SC to the BGE reduces the analysis time with good separation efficiency. The interactions of the sample compounds with SC present in the methanol and acetonitrile may introduce the required selectivity to the separation system. However the high concentration of SC (! 30 mM) was not soluble in BGE (60% methanol, v/v). Although an SC concentration exceeding 30 mM can be soluble in a BGE with high methanol, good resolution was not observed. Therefore, considering the separation efficiency and solubility of SC, 25 mM SC and 60% methanol were optimal.
The effect of acetic acid on the separation was also studied. However, no separation was observed with addition of acetic acid (0.2-1.0%, v/v). The best separation was obtained with methanol and acetonitrile (60:40, v/v) and 10 mM of Tris with 25 mM of SC and 5 mM of 1B-3MI-TFB on the 30 cm capillary. Under these conditions, the resolution of the model analytes was higher (Figure 2 ) and the minimum value was more than 2.2. This is the advantage of this NACE system.
Effects of 1B-3MI-TFB IL and electric field strengths on separation efficiency
The separation efficiency values are affected in terms of longitudinal diffusion, Joule heating and analyte interaction with the capillary wall (7) . NACE is a good choice when using high electric field strengths. The dependence of the resolution (R) on electric field strengths is shown in Figure 2 . This figure shows that although the total trends of R F,C2 and R C1,F were reduced with the increased electric field strengths, the minimum resolution of the analytes was 2.2, which is sufficient for the demands of CE separation. However, the peaks were wider when the IL was not used. This may be because the analytes were hydrophobic or the nonaqueous medium has low conductivity. The analytes may have interacted with the capillary wall and reduced the separation efficiency. Therefore, the effect of the wall adsorption on the plate height was not neglected. The IL 1B-3MI-TFB, with large cations, can interact with the wall of the capillary by hydrogen bonding with silanol groups. Figure 3 shows that the peaks of the analytes became symmetrical with IL added to the BGE, because the anions of IL heteroconjugated to the analytes and accordingly changed their electroosmotic mobility. With the IL added to the BGE, the electroosmotic flow (EOF) decreased and the migration time gradually increased. From the direction of the applied high voltage and the peak positions related to the EOF peak, it can be concluded that there was a negative charge on the capillary wall and the EOF of the IL electrolyte system is low and migrated toward the cathode. The IL used in this paper can modulate the conductivity of the BGE and the EOF in the capillary and the zone of the analytes will be compressed in a high electric field.
The use of high electric field strengths resulted in shorter analysis times because of the increase in the migration velocity of the analytes. The most pronounced effect was the increase of the EOF when the electric field strengths increased. On the other hand, a major problem when using high electric field strengths is the Joule heating effect, because the heat cannot be efficiently dissipated, which may result in an increase of the diffusion phenomena and a temperature gradient. As a consequence, the resolution is worse and the sensitivity of the method is diminished. A wide linearity for the applied electric field versus its generated currents was obtained in an Ohm's law plot. The Joule heating was not observed in this NACE system up to 1,000 V/cm (1, 7). The peak width decreased faster when electric field strengths were more than 700 V/cm, and from 800 to 1,000 V/cm, the plots showed no significant decrease in peak width. This may attributable to less peak broadening of the analytes from diffusion at high electric field strengths. The dependence of the theoretical plate numbers on electric field strengths is shown in Figure 4 . This figure shows that the best separation efficiency was obtained when the electric field strength was approximately 800 V/cm, rather than 1,000 for the analytes F and C2. Eq. 3 shows that the numbers of theoretical plates are dependent on migration time and baseline width of peaks. With the increased electric field, the migration time is shorter and in general the peaks are narrow; therefore, the common law is that the numbers show decreasing trends with increased applied voltage. In this paper, the numbers of theoretical plates are highest at 800 V/cm, which indicated that this is optimal for the analytes. Also, the theoretical plate numbers of the separation without IL added to the BGE were investigated. It was found that the theoretical numbers were 4,706 for C1, 3,726 for F and 4,713 for C2 at the electric field strength of 1,000 V/ cm. These values are smaller than those observed in the presence of IL. The numbers of theoretical plates of the analytes with the presence of IL increased by approximately 40% (Figure 4 ) more than under the condition without IL. The separation efficiency of the analyte C1 changed slightly with increased electric field strengths. In general, the efficiency of separation reached a maximum and declined with additional increases in voltage; however, there is no indication of Joule heating according to the Ohm's law plot. This observation suggested that Joule heating might not be the only band broadening mechanism present. However, the highest electric field strength (1,000 V/cm) was not optimal for the analysis of real samples, because there are other unknown compounds in the sample, which overlapped with the analytes in higher electric field strengths. Therefore, 25 kV was chosen as the applied voltage for the analysis of real samples.
Method evaluation and sample analysis
This developed NACE method was evaluated through its repeatability and linearity. Repeatability and reproducibility tests based on five injections of the three standard analytes were performed. The limit of detection (LOD) was obtained as the analyte concentration that caused a peak with a height three times the baseline noise level and the limit of quantification (LOQ) was calculated as 10 times the baseline noise level. The results are shown in Table I . The linearity, correlation coefficient and relative standard deviation (RSD) values of the migration times and peak areas are also in Table I . The number of data points is seven in all cases. These good results show that this NACE method was applicable in the analysis of these model analytes.
To evaluate the application of this NACE method, the model analytes were analyzed in a sample of Sinacalia tangutica, a kind of Chinese plant. In experiments, it was found that the three analytes exist in the flower of Sinacalia tangutica. However, only C2 can be found in its leaf and root. Therefore, the flower of Sinacalia tangutica was selected to be analyzed by the developed method. The peaks of the analytes were identified by the migration times and by spiking the sample solution with the standards. The typical electropherograms are shown in Figure 5 . The quantities of the three analytes in the flower of Sinacalia tangutica were 0.27% for F, 0.18% for C1 and 0.57% for C2. The recovery of the three model analytes was determined with standard addition; the results were 85.1 -87.2% for F, 94.8-97.8% for C1 and 90.2-100.4% for C2. From the results, it can be concluded that this NACE method was suitable for the separation and determination of these analytes in a real sample.
Conclusion
The effects of high electric field strength and ILs on the separation and efficiencies NACE were investigated. The separation efficiency was improved when the IL was added to the BGE of the nonaqueous medium. The Joule heating can be ignored when the ILs are added to the system under various electric field strengths. It was also found that the very high electric field strength (1,000 V/cm) did not contribute greatly to the Figure 5 . Electropherogram of a real sample. BGE, CE conditions and peak identification are same as in Figure 3 .
improvement of the number of theoretical plates in this NACE system. The repeatable and accurate determination results illustrated that the described NACE method is accurate, rapid and suitable for the analysis of real samples.
